The fruitfly, Drosophila melanogaster, has been of central importance in analysing the mechanics of cellular processes. Classic forward genetic screens in the fly have identified many of the genes that define critical cell signaling pathways, for example. Our understanding of the Wnt pathway, in particular, has benefited from the many advantages that the fly offers as a model system. Here, I review the history of these discoveries and highlight the utility of the fly in dissecting the molecular workings of Wnt signal transduction.
pathway activity and that Wnt signaling also plays a lesser role in a number of other tumor types (reviewed by Bienz and Clevers (2000) , Polakis (2000) ). Because of the high degree of conservation in the pathway, insights gained through the fly system can be applied to the problem of ectopic Wnt activation in human cancers.
The fly model system offers many advantages for both cell biological and genetic approaches. Small size, prolific egg-laying, and rapid reproduction facilitate the collection of developmentally synchronized embryos or imaginal tissues for biochemical studies or cellular imaging. The same features make possible large-scale genetic screens in reasonable time frames. There is more than an order of magnitude in the difference between 'breeding like flies' and 'breeding like rabbits'. In addition to these typical features of a model organism, flies have some biological quirks that are particularly convenient for geneticists, such as a lack of meiotic recombination in males and the polytenization of chromosomes in larval tissues, which creates stunning cytology. These properties conspire to make Drosophila a powerful system for detecting interesting mutant phenotypes and rapidly progressing to the molecular identification of the gene responsible. Much of our current understanding of Wnt biology was achieved through this process.
Aberrant Wnt signaling in flies does not induce tumors, but the loss or gain of Wg function does create characteristic cell fate transformations that are easily detected. As the name suggests, wingless is required to pattern adult body structures including the wings. In fact, the name wingless is a bit of a misnomer because it is based on the phenotype of an unusual mutation at the wg locus. This first mutation was induced by Xirradiation (Sharma and Chopra, 1976) , but the genetic lesion does not disrupt the coding region. Rather, it deletes a small region located 9 kb downstream of the wg transcription unit, which is presumed to define a regulatory element that contributes to wg expression in imaginal discs (Baker, 1987; van den Heuvel et al., 1993) . The phenotype of wg 1 is intriguing: it causes a variable transformation of the wing or haltere into notal tissue, which composes the back of the fly thorax. The variability can be observed within a single fly; when a wing is present, it is fully formed and patterned normally even if the other wing is missing (Figure 1a and b). The stochastic nature of this wing phenotype is still not understood. The wg 1 mutation affects other features of the adult body, such as the ventral portion of the eye (Figure 1c and d) , in a non-stochastic way.
Ironically, an even older mutation is now known to be allelic with wg. The dominant Glazed (Gla) mutation (Figure 1e ) first described by Thomas Hunt Morgan (Morgan et al., 1936) , represents a retrotransposon insertion in the 5 0 regulatory region of wg (Brunner et al., 1999) , very much like the MMTV insertion next to int-1 in the mouse. Ectopic wg expression in the fly eye, either through the Gla mutation or through eye-specific expression of a wg þ transgene, disrupts photoreceptor and ommatidial bristle formation and creates a smooth, reduced eye surface (Brunner et al., 1999) . In other words, the Gla eye phenotype in flies is directly analogous to the mammary tumors caused by Wnt-1 misexpression in mice.
Soon after characterization of the adult viable wg 1 allele, loss of function alleles in the wg gene were generated and found to result in embryonic lethality (Babu, 1977) . As this lethality is associated with dramatic cell fate transformations in the embryo, loss of function wg mutations were also recovered in the Nobel prize-winning genetic screens performed by Eric Wieschaus and Christiane Nu¨sslein-Volhard (Nu¨sslein-Volhard and Wieschaus, 1980; Nu¨sslein-Volhard et al., 1984) . Their systematic mutagenesis strategy was designed to recover zygotic mutations that disrupt the embryonic body plan in the fly. At the end of embryogenesis, the epidermal cells secrete a cuticular exoskeleton that will protect the larva. This cuticle bears a segmentally repeating pattern of structures with precise positions and shapes. The eight abdominal segments that make up the bulk of the visible larval body each have a belt of small tooth-like structures called denticles on their ventral surface ( Figure 1f ). The denticle belts are separated by regions of smooth, or naked, cuticle. In wg loss of function mutants, the naked cuticle portion of the pattern is deleted, producing a continuous lawn of denticles (Figure 1g ). Therefore, the segmental stripes of wild-type Wg signaling activity in the epidermis are required for specifying the naked cuticle-producing cell fates that separate the denticle belts. Subsequently, many internal tissues, such as the heart, the gut, and the nervous system (e.g., Patel et al., 1989; Immergluck et al., 1990; Lawrence et al., 1995) , were found to be mispatterned in wg null mutants. Thus, one gene provides for the fly a signaling capacity equivalent to the cumulative functions of the 19 vertebrate Wnts, which show distinct expression patterns and control cell fate decisions in different tissues and organs (reviewed by Logan and Nusse, 2004) . The convergence between wingless and its vertebrate homolog, int-1 which was subsequently renamed Wnt-1, happened early on. Gines Morata and Peter Lawrence had discovered that wg 1 acts non-autonomously in genetic mosaics (Morata and Lawrence, 1977) , suggesting that the wing cell fate transformations involve a secreted signal. Nick Baker, in the Lawrence laboratory, set out to clone wg by generating P element insertion alleles in wg so that he could use P element DNA sequences as hybridization probes to recover DNA flanking the site of insertion (Baker, 1987) . Before the sequencing of the fly genome, 'transposon tagging' was the quickest way to move from a mutant phenotype to the molecular identification of the gene involved. Nick's P insertions were the starting point for a chromosomal Overexpressing wild-type wg in the fly eye results in a smooth, shiny surface as seen in the gain of function wg mutation, Glazed (e). In embryos, normal wg expression in segmental stripes produces regions of naked cuticle that separate the denticle belts (f). Naked cuticle is lost in wg null mutant embryos (g) and is ectopically specified when wg is misexpressed ubiquitously throughout each segment (h). Mutations in Wg pathway components mimic these phenotypes: (i) loss of Tcf, a predominantly positive activator, causes loss of naked cuticle, whereas (j) loss of Apc2, a negative regulator, causes excess naked cuticle specification.
'walk', which ultimately defined the transcription unit disrupted in the various wg mutant lines. RNA in situ hybridization revealed that this transcript accumulates in segmental stripes, and that the stripes are thinner than the domain of activity suggested by the wg mutant phenotype. This property was consistent with the idea that the wg-expressing cells are the source of a signal that affects a broader domain. Meanwhile, Roel Nusse's group, who had identified the mouse sequences flanking the insertion point for MMTV, screened a fly cDNA library for cross-hybridizing sequences and discovered the highly similar wg sequence (Rijsewijk et al., 1987) . Their molecular characterization of the predicted protein sequence detected a hydrophobic signal sequence, indicating that both wg and int-1 are secreted, extracellular molecules and revealing at last the physical basis for the non-autonomy of the wg mutant phenotype.
Characterization of downstream components in the Wnt signal transduction cascade also depended critically on their mutational identification in the fly. Among the many pattern defects observed in the Wieschaus and Nu¨sslein-Volhard screens (Ju¨rgens et al., 1984; Nu¨sslein-Volhard et al., 1984; Wieschaus et al., 1984) , several mutant lines showed an excess specification of denticles similar to the wg loss of function mutants. Mutations producing this kind of phenotype were called 'segment polarity' mutations. Some, most notably armadillo and arrow, have turned out to disrupt cellular components required for Wg signal transduction, while others defined components essential for Hedgehog signal transduction. Hedgehog signaling, like Wg, controls essential cell fate decisions in both flies and vertebrates. The opposite phenotype, an excess specification of naked cuticle, was also identified in this screen. Mutations in naked replace most of the denticle belts with naked cuticle, and this phenotype was subsequently found to result from an excess of Wg signaling activity (Noordermeer et al., 1992; Bejsovec and Wieschaus, 1993) . As with the Gla phenotype in adult fly eyes, the naked cuticle phenotype in embryos is equivalent to the cancerous state in mammals (Figure 1h ). Thus, both positive and negative components in the Wnt pathway were first defined mutationally in these large-scale genetic screens, and the cuticle patterns corresponding to loss or gain of Wg function, 'all denticle' versus 'all naked cuticle', respectively, have become diagnostic tools for recognizing other pathway components (Figure 1i and j) .
Although the Wieschaus and Nu¨sslein-Volhard screens were remarkably productive, they did not yield the entire set of genes involved in the Wnt pathway, in many cases because the gene product is loaded into the egg during oogenesis. Zygotic mutants thus retain sufficient maternal product to survive embryogenesis with normal patterning, but perish during larval stages. Larval lethality prevents the recovery of eggs from homozygous mutant mothers, so that loss of maternal gene function cannot be assayed. This limitation can be circumvented by somatic recombination techniques, which create homozygous mutant clones within otherwise heterozygous tissues. If germ line tissues of a female contain a mutant clone, then eggs will be produced that lack the gene product. Norbert Perrimon pioneered the use of a dominant female sterile mutation, called ovoD, to eliminate wild-type heterozygous egg production and enrich for the homozygous mutant eggs (Perrimon and Gans, 1983) . Germline tissues that have undergone recombination to homozygose the mutant chromosome will simultaneously lose the dominant ovo D allele, and so only these homozygous tissues are competent to produce eggs. This technique was used to screen the X chromosome for maternal effect mutations that create cuticle pattern disruptions (Perrimon et al., 1989) . arm was reisolated in this screen along with two new positive components in the pathway, dishevelled (dsh) and porcupine, and the negative regulator zeste-white 3/ shaggy (zw3).
The genetic and molecular characterization of these mutations formed the foundation of our current understanding of Wnt signal transduction (Figure 2 ). The sequence of events in the pathway was clearly established through epistatic relationships among arm, dsh, porc and zw3 (Noordermeer et al., 1994; Siegfried et al., 1994; Peifer et al., 1994b) . As the zw3 mutation generates the 'all naked' phenotype typical of ectopic Wg activity, double mutant combinations between it and the 'all denticle' class of mutations can distinguish which of these positive components act downstream of zw3 to produce the 'all naked' phenotype. Both the dsh zw3 and porc zw3 double mutants show the naked phenotype, therefore dsh and porc are not required for the zw3-induced hyperactivation and must act upstream of the point in the pathway where zw3 exerts its negative regulation. Only arm zw3 doubles show a restoration of denticles, indicating that arm gene activity acts downstream of zw3 in the pathway. Thus, the order of genes acting in the Wnt pathway was deduced from fly mutant phenotypes, in some cases before the molecular identity of the gene product was known.
On the molecular side, a major early breakthrough came with the discovery that Arm antibody staining shows a striping pattern that is not observed in arm RNA in situ hybridizations (Riggleman et al., 1989 (Riggleman et al., , 1990 ) and that Arm is homologous to the vertebrate plakoglobin and b-catenin molecules (Peifer and Wieschaus, 1990) . The striped pattern of Arm antibody staining suggested a post-translational response to the striped expression of the wg gene product, and subsequent work revealed that the Arm stripes reflect a change in protein stability (van Leeuwen et al., 1994) , phosphorylation state and intracellular localization (Peifer et al., 1994a, b) , all regulated by zw3 gene function.
The stabilization of Arm/b-catenin protein in response to Wg/Wnt signaling remains a central feature of the pathway (Figure 2 ). Although some cellular Arm accumulates stably in the adherens junctions of all epithelial cells, the stability of the cytosolic pool can change dramatically. In non-signaling cells, cytosolic levels of Arm are kept low by the activity of a set of proteins known collectively as the destruction complex, which includes Zw3. The Zw3 serine-threonine protein kinase, homologous to the vertebrate GSK3b, phosphorylates Arm and targets it for ubiquitination and degradation. In the presence of Wg, or in a zw3 mutant, Arm evades this phosphorylation and accumulates to high levels in the responding cell. Deleting the phosphorylation sites in Arm yields an indestructible form of Arm that constitutively drives Wg signal transduction to produce the 'all naked' cell fate transformation (Pai et al., 1997) . Analogous mutations in b-catenin have been detected in human cancers Morin et al., 1997; Rubinfeld et al., 1997) , constitutively activating the Wnt pathway to produce the oncogenic state.
At the time, it was not clear how accumulation of a predominantly cytosolic protein could influence Wnt target gene expression. The connection with transcriptional regulation was finally made when DNA-binding Tcf/Lef family members were found to interact with Arm/b-catenin (Behrens et al., 1996; Molenaar et al., 1996) and mutations disrupting the fly Tcf homolog were found to produce an 'all denticle' cuticle pattern due to loss of Wg target gene expression (Brunner et al., 1997 ; van de Wetering et al., 1997). Tcf (also known as pangolin) mutations were isolated in systematic genetic screens inspired by the Wieschaus and Nu¨sslein-Volhard mutageneses, and designed to identify additional components of the Wg pathway in flies. Konrad Basler's laboratory took a gain of function approach, using the Gla-like phenotype generated by misexpressing Wg in the eye to assay for loss of downstream positive components. Such gain of function screens have been particularly successful in identifying the transcriptional regulators of the pathway, including Tcf and its binding partners Pygopus and Legless (Belenkaya et al., 2002; Kramps et al., 2002; Parker et al., 2002; Thompson et al., 2002) . In contrast, my laboratory used an F 3 embryonic lethal screen in a sensitized background to isolate mutations that suppress wg loss of function phenotypes. This approach favors recovery of mutations in negative regulators, which result in ligand-independent activation of the pathway. The recovery of Tcf mutations in this screen revealed that Tcf is not just a positive activator of target gene expression, but also plays a role in repressing Wg target genes in the absence of pathway activity (Cavallo et al., 1998) . This negative regulatory function was entirely unexpected and demonstrates the benefit of the unbiased approach afforded by forward genetics. A mutation in Apc2, the fly equivalent of the human tumor suppressor locus, Adenomatous polyposis coli, and a key component of the destruction complex was recovered in the same suppressor screen (McCartney et al., 1999) . Other new parts of the pathway continue to be discovered in fly genetic screens, such as the recently identified Wntless/evi gene, which is required for secretion of the Wnt ligand in both flies and mammalian cells (Banziger et al., 2006; Bartscherer et al., 2006) , and RacGap50C/tumbleweed, a GTPase activating protein homolog that is involved in regulating Arm destruction (Jones and Bejsovec, 2005) .
Forward genetic screens with random mutagenesis are a powerful tool for gene discovery, but the fly's advantages as a model system go beyond genetics. Other groups have made significant contributions through molecular and biochemical studies using embryonic or imaginal tissues and cell lines. For example, Mariann Bienz's laboratory independently determined that Tcf/LEF mediates Wg-dependent transcription in the fly through their characterization of Wg response elements in the promoter of Ubx, a Wg target gene in the Drosophila gut (Riese et al., 1997) . The Bienz group also identified and characterized Apc2, also known as E-APC, in a yeast two-hybrid screen for proteins that bind directly to Arm (Yu et al., 1999) . Moreover, there are some limitations to strictly genetic approaches in any system. For example, functional redundancy, where two or more genes encode similar or overlapping functions, prevents the recovery of a mutant phenotype when the genes are mutated singly. This problem explains the time lag between the characterization of the Wg ligand in the late 1980s and the identification of its cognate receptor in 1996 (Bhanot et al., 1996) .
Compared with other systems, especially vertebrates, Drosophila has a relatively low incidence of functional Wnt biology in Drosophila A Bejsovec redundancy. Many essential genes, such as Tcf and dsh, are present in single copy so that mutational disruption results in a dramatic effect. Even in cases where multiple genes encode similar proteins, for example the two Apc orthologs in the fly genome (Ahmed et al., 1998; McCartney et al., 1999) , there often is sufficient functional distinction to yield individual mutant phenotypes. However, the two Frizzled (Fz) receptors in the fly are able to substitute for each other completely in embryonic Wg signal transduction (Bhanot et al., 1999; Muller et al., 1999) . The 'all denticle' wg mutant phenocopy is only observed in doubly homozygous embryos that are derived from mothers homozygous for fz. This first fz gene, which gave the Fz family its name, is primarily involved in tissue polarity, or planar cell polarity (PCP) (reviewed by Adler and Lee (2001) , Adler (2002) ). PCP regulates polarization of epithelial cells along the plane of the epithelial sheet. This generates asymmetric cell structures in precise orientations, for example the bristles decorating the back of the fly, which uniformly point in a posterior direction. Loss of fz function randomizes these bristle orientations, as well as those of other polarized structures such as wing hairs and the ommatidia of the eye, but the mutants are viable and otherwise healthy adults. The second fz gene, fz2, encodes a protein with no apparent activity in PCP and with a higher binding affinity for Wg (Rulifson et al., 2000) . Fz2 is primarily responsible for Wg signaling in the embryo, but in its absence Wg protein accumulates to levels high enough to bind and activate the lower affinity Fz (Moline et al., 2000) . Thus, no reduction in Wg signaling is observed in fz2 mutants unless the abundant and maternally loaded Fz is also removed.
The identification of a cell surface receptor that binds Wg led to the hope that we would finally be able to link Wg to its intracellular signaling cascade, and to learn how receptor activation leads to inactivation of the destruction complex and stabilization of Arm/b-catenin. However, the action of this most proximal part of the pathway, particularly the role of Dsh, remains unclear. Although a small peptide from Dsh appears able to bind to a cytosolic portion of Fz, this interaction can only be detected by nuclear magnetic resonance (NMR) techniques (Wong et al., 2003) . A more definitive link has been documented (Mao et al., 2001 ) between a destruction complex protein, Axin (Hamada et al., 1999; Willert et al., 1999) , and the cytosolic domain of a second type of Wg receptor, the LDL receptor-related protein (LRP) encoded by arr in the fly (Wehrli et al., 2000) . Arr and Fz appear to be brought together by binding Wg, in a clustering event that drives Wg pathway activation (Cong et al., 2004) . In the fly, a chimeric molecule fusing full-length Fz with the cytosolic domain of Arr produces ligand-independent pathway activity (Tolwinski et al., 2003) . Axin, in turn, is degraded in response to Wg signaling, or in the presence of the chimeric Arr-Fz molecule (Tolwinski et al., 2003) . Thus, clustering of the two receptors may transduce the signal by recruiting Axin and removing it from the destruction complex, thereby stabilizing Arm. The relocalization of Axin to the membrane requires Dsh activity (Cliffe et al., 2003) , suggesting that Dsh's positive role in Wnt signaling involves an essential function in inactivating Axin. Thus, the fly has again provided us with a paradigm for understanding how the moving parts of this pathway might fit together.
One remaining question is whether all of the parts of the pathway have been identified. The ongoing recovery of new mutations that modulate the pathway suggests that genetic screens have not yet reached saturation. Recently, genomics approaches have been employed in an attempt to define all the cellular components involved in Wnt pathway regulation. For example, the fly genome has been assayed by RNA interference to identify all cDNAs that alter Wnt-responsive transcription, using a modified TOPflash (Tcf responsive promoter with luciferase reporter) system in Drosophila S2 cells (DasGupta et al., 2005) . This high throughput assay has yielded a long list of potential components that include many of the known pathway members, in addition to a number of intriguing new genes with human disease homologs. However, some known pathway components were not detected, indicating that this is not the comprehensive approach that one might have expected. For example, groucho, which encodes a transcriptional corepressor that is displaced by Armadillo to convert Tcf from its repressor to its activator form (Daniels and Weis, 2005) , is missing from the list. This is surprising given that gro mutations have profound effects on Wg signaling in fly embryos and ectopic Gro has strong repressive effects in TOPflash assays (Cavallo et al., 1998) . Certainly genomic approaches will speed up the discovery rate for potential pathway modulators, but apparently robots cannot yet replace the contributions of fly geneticists.
The old-fashioned genetic approach also yields another valuable resource: allelic series and special kinds of mutational changes that can provide very important insight into a protein's function. Random point mutations generated by chemical mutagenesis often result in partially functional gene products either through single amino acid substitutions or partially deleted or truncated proteins. For example, the allelic series of arm truncations was the first hint that the so-called 'Arm repeats' within the protein are modular in function (Peifer and Wieschaus, 1990) . Of course, such genetic lesions could be reverse-engineered into transgenes, but this is typically performed only when there is reason to suspect the mutation will be informative. An unbiased, genetic approach is much more likely to produce truly new and unexpected results. Who could have predicted that the movement of Wg from cell to cell is genetically separable from its ability to signal? These are clearly independent functions of the ligand because discrete mutations within the wg gene abolish signaling without affecting endocytosis of Wg into neighboring cells and beyond (Bejsovec and Wieschaus, 1995) , while other mutations have the opposite effect, restricting distribution of the protein without disrupting its signaling activity (Dierick and Bejsovec, 1998) . This kind of structure-function analysis is also yielding important insight into the impact of Wnt signaling on human disease. Truncation alleles of APC are more frequently associated with colorectal tumors than are complete null alleles of this negative regulator (Smits et al., 1998; Smits et al., 2000) . Recent work with the fly homolog, Apc2, suggests that these truncated gene products not only lose their ability to downregulate Wnt pathway activity, but also have dominant-negative effects on a cytoskeletal role of Apc which positions the nucleus within the cell (McCartney et al., 2006) . Thus, truncation of Apc may contribute to genomic instability and favor an oncogenic state more profoundly than would simple loss of function.
In summary, the Wnt pathway is beginning to give up its secrets, in large part due to the powerful genetics available in Drosophila. The fly's importance as a tool for gene discovery, which began with Thomas Hunt Morgan's work over a century ago, continues to be a critical factor in advancing molecular research today. Past work reveals that not only are the Wg/Wnt signaling components conserved between flies and humans, but so also are their cellular functions and interactions with each other. This high degree of conservation means that new components and cofactors identified in the fly are likely to be directly relevant to human disease and may lead to new therapeutic approaches.
